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Prions are self-replicative protein particles lacking nucleic acids. Originally discovered for
causing infectious neurodegenerative disorders, they have also been found to play several
physiological roles in a variety of species. Functional and pathogenic prions share a common mechanism of replication, characterized by the ability of an amyloid conformer to
propagate by inducing the conversion of its physiological, soluble counterpart. Since timeresolved biophysical experiments are currently unable to provide full reconstruction of the
physico-chemical mechanisms responsible for prion replication, one must rely on computer
simulations. In this work, we show that a recently developed algorithm called Self-Consistent Path Sampling (SCPS) overcomes the computational limitations of plain MD and provides a viable tool to investigate prion replication processes using state-of-the-art all-atom
force fields in explicit solvent. First, we validate the reliability of SCPS simulations by characterizing the folding of a class of small proteins and comparing against the results of plain MD
simulations. Next, we use SCPS to investigate the replication of the prion forming domain of
HET-s, a physiological fungal prion for which high-resolution structural data are available.
Our atomistic reconstruction shows remarkable similarities with a previously reported mechanism of mammalian PrPSc propagation obtained using a simpler and more approximate
path sampling algorithm. Together, these results suggest that the propagation of prions
generated by evolutionary distant proteins may share common features. In particular, in
both these cases, prions propagate their conformation through a very similar templating
mechanism.

Author summary
Prions are proteins capable of replicating in absence of nucleic acids. By propagating the
information encoded in their conformation, prions exemplify the phenomenon of protein-based inheritance. These peculiar agents are associated with neurodegenerative
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pathologies in mammals, but also involved in a wide variety of physiological processes
occurring in various biological contexts along the evolutionary scale. In this work, we
apply a recently developed computational method to study the propagation mechanism of
the fungal prion HET-s, using a realistic all-atom model. We find that the replication of
HET-s shares fundamental features with the templated conversion of the mammalian
prion PrPSc.

Introduction
The phenomenon of protein-based inheritance characterizes prions, proteins appearing at various levels along the evolutionary scale that are capable of propagating their conformationally
encoded information in absence of nucleic acids [1]. Despite their original identification as
causative agents of neurodegenerative conditions in mammals, prions also exert regulatory
roles in different biological contexts [2, 3]. For example, a mechanism of heterokaryon incompatibility in different fungi is regulated by a prion [3–5]. This process reflects the inability of
vegetative fungal cells from two different strains to undergo fusion, depending on specific loci
(het) whose alleles must be identical for stable hyphal fusion to occur. Strain compatibility ultimately determines whether the heterokaryon develops normally or undergoes controlled celldeath. In Podospora anserina, the heterokaryon incompatibility is specified by a het locus
appearing as two distinct and incompatible alleles (HET-s and HET-S), encoding two corresponding proteins (HET-s and HET-S, respectively) [6]. When a HET-s strain fuses with
another expressing HET-S, the heterokaryon can undergo controlled cell death. However,
incompatibility occurs only when the HET-s factor is folded in an amyloid prion conformation. This trait can be inherited over many generations due to the ability of the HET-s prion to
catalyze the conversion of soluble HET-s molecules into the growing amyloid fibrils [7].
The 2-rung-β-solenoid (2RβS) architecture of the HET-s prion has been solved at high resolution by solid-state NMR [8]. On the other hand, the elucidation of the mechanism underlying its propagation is still missing, mainly due to the lack of suitable biophysical methods to
characterize such molecular processes at high spatiotemporal resolution.
Computational techniques, such as MD, may in principle be employed to achieve the
required level of resolution. However, plain MD simulations can only be applied to study large
conformational transitions occurring up to the microsecond timescales [9]. In contrast, folding and misfolding of most proteins and large conformational re-arrangements including
prion replication occur at much longer timescales, ranging from milliseconds to minutes [10].
Using enhanced sampling algorithms, it is possible to explore protein conformational states
much more efficiently than by plain MD (for recent reviews of some of these methods see e.g.
[11, 12]), at the price of having to introduce additional approximations or supply prior information. In particular, in the so-called ratchet-and-pawl MD (rMD) [13, 14], an unphysical history-dependent biasing force is introduced to prevent the chain from backtracking along the
direction defined by an arbitrarily chosen Collective Variable (CV). Conversely, the biasing
force remains latent when the system spontaneously progresses towards the product. It has
been rigorously shown that rMD samples the Boltzmann distribution in the transition region
when the CV used is the committor function [15]. In practical calculations, the chosen CV can
at most represent a reasonable proxy of the committor. In this case, it is still possible to keep
the systematic errors of rMD simulations to a minimum by applying the so-called Bias Functional (BF) method [16]. In this approach, a variational principle derived from the Langevin
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dynamics is applied to score the reactive trajectories generated by rMD, in order to identify
those with the highest probability to occur in the absence of any biasing force.
Protein folding pathways obtained with the BF approach have been found to agree very well
with the results of both plain MD simulations [16] and kinetic experiments [17, 18], arguably
reflecting the fact that a good CV for protein folding is available [19], as suggested by energy
landscape theory arguments [20]. Unfortunately, the BF approach may be flawed by uncontrolled systematic errors whenever it is applied to study processes in which the reaction coordinate is poorly known.
In our previous work, we used rMD simulations to propose a first fully atomistic model for
the replication of the mammalian PrPSc prion [21]. To perform such a calculation, first, we
obtained an estimate of the reaction coordinate using a phenomenological stochastic model.
Then, we used this CV in the definition of the biasing force. The resulting prion conversion
mechanism was one in which PrPC sequentially unfolded and progressively bond to the prion
fibril, through a rung-by-rung templated mechanism. A key limitation of this approach is that
the results of the simulation significantly depend on the model used to define the CV. Using
the BF protocol one may hope to reduce possible systematic errors. Yet, it is reasonable to
expect that even the BF results to be strongly model dependent.
In this work, we show that this problem is overcome by the recently developed SCPS algorithm [22], described in Methods. Like the BF approach, SCPS is powered by rMD-type simulations. However, unlike in BF simulation, the reaction coordinate of SCPS is not heuristically
postulated. Instead, it is calculated self-consistently, through an iterative process (see Fig 1). It
has been shown that SCPS provides a rigorous mean-field approximation of the unbiased Langevin dynamics, even when the initial guess of reaction coordinate is suboptimal [15, 22].
Thus, SCPS provides a much better tool than BF to investigate structural reactions in which
the RC is poorly known, including prion propagation. The computational cost of SCPS, however, is about one order of magnitude larger.
To date, the SCPS scheme was only tested in a single proof-of-principle simulation of the
folding of a 35 amino-acid long protein subdomain, using an implicit solvation model [22]. As
a preliminary step, we performed a more extensive validation, by studying the folding of set 5
different proteins which differ in size, topology and secondary structure composition using a
state-of-the-art force field in explicit solvent. Remarkably, the folding pathways of all these
chains were found to be statistically indistinguishable from those obtained in the same force
field using plain MD simulations on the Anton supercomputer [23].
Next, we used the SCPS scheme to simulate the misfolding of the HET-s prion forming
domain and incorporation into a growing fibril. We found that the all-atom reconstruction of
the HET-s replication mechanism is characterized by the templated, progressive folding of an
unstructured HET-s monomer onto the exposed edges of the growing prion fibrils. Thus, on
the qualitative level, these results fully confirm those previously obtained by rMD, in our study
of mammalian prion replication.

Results/Discussion
SCPS validation in explicit solvent
To assess the accuracy of the SCPS approach we report a benchmark based on 5 different proteins, whose folding pathways have been fully characterized by plain MD [23]: (i) Trp-Cage;
(ii) Villin headpiece; (iii) WW domain; (iv) NTL9 and (v) the thermostable variant of the
Engrailed homeodomain. This set includes members of the three major structural classes (αhelical, β-sheet and mixed α/β).

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007922 September 18, 2020

3 / 18

PLOS COMPUTATIONAL BIOLOGY

HETs prion replication simulated with an all-atom force field in explicit solvent

Fig 1. Schematic representation of the SCPS algorithm. XI represents the initial protein conformation, XF the final target conformation and T1 . . .N
the trajectories connecting XI to XF. Step 1: an ensemble of trajectories starting from XI and successfully reaching XF is generated by employing the
rMD, biasing along the pre-defined CV z(X). Since z(X) decreases when the proximity of X to XF increases, the progression along the path is here
defined as −z(X). Step 2: the trajectories successfully reaching the target state are then used to compute the mean path hCij(t)i, depicted in purple (see
Methods). The mean path is then used to define two new coordinates: sλ, depicted in blue, which value is 1 in the unstructured state and 0 in the target
state, therefore (1 − sλ) is used here to define the progress along the mean path; and wλ, depicted in red, that represents the distance to the mean path.
Step 3: a modified version of the rMD is employed to generate a new set of trajectories by introducing two biasing forces, acting along sλ(t), and wλ(t)
instead of z(X). The trajectories successfully reaching the target state are then used to compute a new mean path (step 2) to perform a new iteration.
https://doi.org/10.1371/journal.pcbi.1007922.g001

To assess whether the rMD and SCPS trajectories significantly match plain MD data, we
employed a similarity definition of trajectories based on the order of contact formation [14].
This metrics, s(k, k0), is equal to 1 when all the native contacts between trajectory k and k0 are
formed in the same order, while it is 0 if they are formed in a completely different order (see
Eqs 9 and 10 in Methods). First, for each protein we investigated the similarity of the folding
events sampled with plain MD within themselves. This step generated a self-similarity distribution (denoted as A). Folding events sampled with biased MD (rMD or SCPS) were then compared to the those sampled with plain MD, generating cross-similarity distributions (denoted
as Ri, where i is the iteration number). An additional cross-similarity random distribution,
Rr, used as a reference, was generated by comparing plain MD simulations with random
sequences of native contact formation. These distributions are reported in S1 Fig in the Supplementary Information (SI).
To quantify the degree of agreement of our simulations with the results of plain MD, we
performed an analysis based on the Kullback-Leibler divergence (DKL) [24]. DKL is a measure
of difference between two distributions R an A, and represents the information loss when the
distribution R is used to approximate A (see Methods). Specifically, at each SCPS iteration we
computed the DKL between the cross-similarity distribution between SCPS and MD trajectories (Ri) and the self-similarity distribution of the MD folding paths (A). As a reference, we
also computed the DKL between the cross-similarity distribution Rr calculated comparing random sequences of native contact formation with MD trajectories and A. The results reported
in Fig 2 show that SCPS produces folding mechanisms that are statistically indistinguishable
from those sampled by plain MD, with no significant loss of information. In 4 out of 5 of the
simulated proteins, the DKL distance between Ri and A is consistently lower than the distance
between the random cross-similarity Rr and A. The only exception is Trp-cage, for which both
Ri and Rr are indistinguishable from A. Such an exception can be explained by the trivial topology of the Trp-Cage and implies a very heterogeneous folding mechanism, in which many
different sequences of native contact formation can be realized with comparable probability.
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Fig 2. Comparison between plain MD and biased (rMD and SCPS) trajectories. In each plot, the Kullback-Leibler divergence between the crosssimilarity distribution (Ri) of each iteration i and the self-similarity distribution (A) is shown with blue dots. Each cross-similarity distribution Ri
represents the path similarity distribution between the biased and the plain MD reactive trajectories. The self-similarity distribution is the path
similarity distribution within the folding events sampled with plain MD. The average Kullback-Leibler divergence between the random cross-similarity
distributions (Rr) and the self-similarity distribution is depicted as a red line and it is used as a reference. The random cross-similarity distribution was
generated by comparing plain MD simulations with randomly sampled sequences of native contact formation. These results show that both rMD and
SCPS produce results that are identical to the one generated with plain MD and are different (with the exception of Trp-cage) from the randomly
generated events.
https://doi.org/10.1371/journal.pcbi.1007922.g002

We note that the application of the SCPS scheme did not lead to significant improvement
over rMD, because the folding events generated by rMD are already in very good agreement
with MD. This finding is consistent with the notion that the CV z(X) used in rMD simulations
correlates well with the fraction of native contacts, which is considered a good reaction coordinate for the folding of small globular proteins [19,20]. On the other hand, we expect SCPS and
plain rMD to differ substantially where the initial guess of RC is poorer, as it is arguably the
case for prion replication. This situation may be encountered also when simulating the folding
of large and topologically complex proteins.

All-atom reconstruction of HET-s prion propagation
Enhanced path sampling simulations, including SCPS, require a model for the reactant and
product states. In our study of HET-s prion propagation, we used as product state the amyloid
structure of the HET-s prion forming domain, which includes a trimer previously solved by
solid-state NMR (PDB 2KJ3, Fig 3). The monomeric soluble state of the HET-s prion-forming
domain is unstructured [25]. Thus, to generate the initial conditions in the reactant state, we
performed high-temperature MD simulations on the HET-s trimer introducing positional
restraints on heavy atoms on two out of the three monomers. We obtained a total of 10 initial
unstructured conditions: 5 initial conditions in which the unstructured monomer resides at
the N-terminus (by introducing the restraints on the two C-terminal monomers), and 5 initial
conditions in which the unstructured monomer resides at the C-terminus (by introducing the
restraints on the two N-terminal monomers; S2 Fig in SI). For each initial condition in the
reactant state, we applied the SCPS protocol and retained only the trajectories which successfully reached the product state.
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Fig 3. Structure of the HET-s Prion Forming Domain in the amyloid form. Lateral (A) and top (B) view of a HET-s amyloid trimer retrieved from
PDB 2KJ3. Each monomer of the fibril displays a 2-Rung-β-Solenoid conformation. The N-terminal rung (residues 225–245) is depicted in blue, while
the C-terminal rung (residues 261–281) is depicted in red. The colored bar at the left represents the polarity (N to C, blue to red) of the fibril.
https://doi.org/10.1371/journal.pcbi.1007922.g003

The results obtained are reported in Fig 4, where we represent the conformations explored
by the trajectories projected on the plane defined by the root mean square deviation (RMSD)
of atomic positions, to the reference state of each rung of the converting monomer. Namely,
the heat map displays the quantity G(RMSDCT-Rung, RMSDNT-Rung) = -ln[P(RMSDCT-Rung,
RMSDNT-Rung)], where P(RMSDCT-Rung, RMSDNT-Rung) is the probability of observing specific
RMSD pairs, calculated from a frequency histogram of the SCPS trajectories.
The entire set of productive SCPS trajectories converged on a single reaction path, which
proceeds by forming the rung anchoring the fibril end, followed by the formation of the subsequent rung. These data support a picture according to which the process of HET-s prion propagation occurs by a templating mechanism (S1 and S2 Movies in SI).
To further characterize the reaction process underlying the templated conversion of HET-s
prions, we performed additional analyses. In Fig 5, we show the median value of the reaction
progress variable Q at which each residue assumes the β-strand conformation. Residues forming at high values of Q assume β-strand conformation in the late stage of the reaction. The
sequence of secondary structure formation can be interpreted as the order with which monomer residues dock to the fibril. In the case of initial anchoring occurring at the N-terminus of
the HET-s fibril, the C-terminus of the incoming monomer acquires a β-sheet conformation
by progressively establishing intermolecular hydrogen bonds with the exposed edge residues.
Once completed, the new rung templates the formation of intramolecular hydrogen bonds
with the remaining residues of the polypeptide. Insertion of monomers at the C-terminal edge
of the HET-s fibril proceeds in a specular fashion. These observations indicate that the two
exposed edges of the HET-s amyloid provide the initial scaffold for the templated conversion
of incoming monomers, which become new edges after completion of the reaction. Interestingly, while the C-terminal strand shows significant variation in the order of secondary structure formation, the N-terminal strand appears to fold in a much more stereotypical fashion.
For example, residues 238–241 fold prior to 226–234, regardless of the direction of the propagation. This observation may suggest an experimentally testable hypothesis, such as that
mutating the former residues could have a stronger effect on fibril formation as compared to
the latter.
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Fig 4. Reaction pathways in HET-s rungs formation. The heat-maps represent the negative logarithm of the probability density calculated from the
SCPS reactive paths at different iterations, as a function of the RMSD from the target structure of the N- and T-terminal rungs, i.e. -ln[P(RMSDCT-Rung,
RMSDNT-Rung)]. A. Graphs relative to trajectories propagating from the fibril N-terminus. B. Graphs relative to the trajectories propagating from the
fibril C-terminus. In both cases, a prominent pathway, consisting of the consecutive formation of rungs starting at the fibril end, begins to appear in the
rMD generated trajectories. However, the rMD algorithm also yields pathways with cooperative or inverted rung formation. These alternative events
are disappeared after a single SCPS iteration. Of note, a second SCPS iteration does not produce a consistent change in the free energy landscape in
both A and B, indicating the convergence of the algorithm.
https://doi.org/10.1371/journal.pcbi.1007922.g004

To obtain an unbiased projection of the reaction paths without selecting a priori the collective variables for its representation, we performed a principal component analysis (PCA) on
the Cα contact maps of the sampled transition pathways (Fig 6A and 6D). The PCA energy
landscape representation showed that in both N-terminal and C-terminal propagation pathways the reaction initially occurs almost exclusively along the principal component 2 (PC2),
and only subsequently toward the principal component 1 (PC1). Further analysis of the contribution of each contact distance to the two principal components was performed by grouping
the contacts in three sets: (i) contacts between residues belonging to the same rung (intrarung); (ii) contacts between residues of different rungs (inter-rung); (iii) contacts between residues of the converting monomer and the structured fibril (monomer-fibril) (Fig 6B and 6D).
This analysis revealed that the main contact contributors for PC1 belong to the inter-rung set,
while contributors of PC2 belong mainly to the monomer-fibril set. The PCA analysis repeated
using an all-atom contact map yielded to overlapping results (S3 Fig in SI).
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Fig 5. Order of β-strand formation along the HET-s propagation pathway. The median value of the reaction progress variable Q at which each
residue of the rungs assumes the β-strand conformation is reported. Blue dots correspond to residues in the N-terminal rung while red dots correspond
to residues in the C-terminal rung. Dots shown in transparency indicate residues not achieving a stable β-strand conformation. Horizontal bars span
between the first and the third quartile of the distribution. The vertical dashed line delineates the average reaction progress at which half of the rungsresidues are incorporated into β-strand conformation. In the propagation starting from the fibril N-terminus (A) the residues of the C-terminal rung of
the converting monomer are incorporated first (mean Q = 0.44), followed by the residues in the N-terminal rung (mean Q = 0.69). The opposite
sequence of events is observed when propagation starts from the fibril C-terminus (B): the residues of the N-terminal rung of the converting monomer
are incorporated first (mean Q = 0.42), followed by the residues in the C-terminal rung (mean Q = 0.81).
https://doi.org/10.1371/journal.pcbi.1007922.g005

Overall, these findings corroborate a rung-by-rung propagation model for HET-s. Interestingly a highly populated region appears at the elbow of the landscape graph, in both the Nterminal and C-terminal fibril growths. Such a region reflects long-living misfolding intermediates occurring during the HET-s templated conversion mechanism, characterized by the
presence of only one rung of the converting monomer attached to the elongating fibril (Fig 6C
and 6F).
Collectively, our simulations indicate that HET-s prion conversion occurs through a series
of templating events occurring at the N-terminal and C-terminal ends of the fibrils. In these
sites, incoming HET-s monomers are initially incorporated by establishing intermolecular
hydrogen bonds with the exposed β-strands, leading to the formation of a first rung, which
then forms new intramolecular hydrogen bonds with the remaining parts of the polypeptide,
giving rise to a new 2RβS fibril subunit (Fig 7).
We emphasize that the results of our SCPS simulation of the entire sequence of events
underlying the incorporation of HET-s monomers into fibrils were obtained without relying
on a specific choice of RC, i.e. the absence of strong ad-hoc assumptions concerning the reaction mechanism.
The stochastic model developed in Ref. [21] predicts that in the presence of a template the
dominant reaction pathway should be one in which prion rungs misfold one-by-one and
directly incorporate into the templating fibril, as is observed in our SCPS simulation. The statistical model introduced in Ref. [26] uses a similar theoretical argument to predict that misfolding should be highly promoted by the seed fibril. This is in line with the experimental
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Fig 6. Principal component analysis of the HET-s propagation trajectories. Graphs (A) and (D) represent the free energy landscape in the principal
component plane of the trajectories propagating from the fibril N- and C-terminus respectively. The letters “U”, “I” and “T” indicate the unstructured,
intermediate the final (target) state, respectively. The residue contacts were classified in three categories: contacts between Cα in the same rung (intrarung), contacts between Cα belonging to different rungs (inter-rung) and contacts between Cα of the converting monomer and Cα of the structured
fibril (monomer-fibril). The contribution of these sets of the two principal components is shown in bar plots (B) for the N-terminal propagation and
(E) for the C-terminal propagation. Images (C) and (F) show representative protein conformations sampled from the intermediate state, for the Nterminal and C-terminal propagations, respectively.
https://doi.org/10.1371/journal.pcbi.1007922.g006

evidence showing that in seeds-free conditions the spontaneous fibrillization of soluble HET-s
conformers is characterized by a lag phase (nucleation process), which is instead abrogated in
the presence of HET-s prion seeds [27].

Comparison between the replication mechanism of PrPSc and HET-s
prions
The main difference between the replication mechanisms of PrPSc and HET-s prion in our
simulations is the monodirectional growth of the former in contrast to the bidirectional extension of the latter. The reason for such difference is related to the conformation of the monomers acting as substrates. The propagation of PrPSc involves the refolding of both structured
(C-terminus) and unstructured (N-terminus) domains of PrPC, while the propagation of
HET-s involves exclusively the intrinsically disordered prion-forming domain of the protein.
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Fig 7. Representative scheme for HET-s prion propagation. A. Propagation scheme starting from the N-terminal end of the fibril. In this process, the
C-terminal rung of the converting monomer (depicted in red) is formed by templating onto the structured N-terminal rung of the fibril (shown in
transparent grey). Subsequently, the N-terminal part of the converting monomer forms the second rung (depicted in blue); B. Propagation scheme
starting from the C-terminal end of the fibril. In this process, the N-terminal rung of the converting monomer (depicted in blue) is formed by
templating onto the structured C-terminal rung of the fibril (shown in transparent grey). Subsequently, the C-terminal part of the converting monomer
forms the second rung (depicted in red).
https://doi.org/10.1371/journal.pcbi.1007922.g007

Such a difference implies that, while the replication mechanism of PrPSc has an intrinsic directionality determined by the initial binding and subsequent refolding of parts of the unstructured N-terminal domain, the HET-s prion may replicate by engaging interactions with both
the N-terminus or C-terminus of its substrate. Regardless of such a difference, PrPSc and HETs prions share an almost identical propagation mechanism, characterized by a progressive,
rung-by-rung pathway, governed by the cooperativity of hydrogen bonds and the lateral stacking of the side chains. Another possibility is that, while our method cannot distinguish a precise directionality of the growth (N- or C-terminal) for the HET-s prion, it is possible that
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additional factors in vivo may determine it. For example, specific proteins capping one of the
two ends would exert such an effect.
Overall, the results reported in this work show that refined computational tools like SCPS
can provide valuable insight into the atomistic details of misfolding events, that may inspire
original hypotheses laying the groundwork for new experimental approaches. The concordance between the results of our computational studies on HET-s and PrPSc provides the first
evidence that prions from distant species may propagate similarly, implying that this common
replication mechanism could have been conserved through evolution.

Methods
Implementation of Self-Consistent Path Sampling
SCPS is an iterative enhanced path sampling algorithm derived directly from the Langevin
equation which can be used to effectively generate ensembles of transition pathways connecting a given ensemble of configurations to configurations in a target state. Its implementation
consists of three steps (Fig 1).
STEP 1: rMD simulations. Starting from a given initial condition in the reactant, an ensemble of reactive trajectories is generated using the rMD algorithm. In these simulations, an
external biasing force is introduced to impair backtracking towards previously visited states
defined along a single reaction coordinate z(X). The biasing force acting on a single atom is
computed as:
Fi ðX; zm Þ ¼

kR ri zðXÞ½zðXÞ

zm � � y½zðXÞ

zm ðtÞ�;

ð1Þ

where θ(x) is the Heaviside step-function, kR determines the strength of the biasing force, z(X)
is the CV which represents our initial guess for the reaction coordinate and zm(t) is the minimum value attained by z(X) up to time t. In the specific case of protein folding simulations and
the present simulation of HET-s propagation, we adopted a definition of z(X) based on the
overlap between the instantaneous contact map and the target contact map:
zðXÞ ¼

XN
ji jj>35

½Cij ðXÞ

Cij ðXRef Þ�

2

ð2Þ

In this equation, i and j label the atoms and XRef, is a reference three-dimensional structure
in the target state. The constraint |i-j|> 35 is introduced to exclude the trivial contacts due to
bonded interactions within amino-acids. The entries of the contact map are a continuous function of atomic configuration, defined as:
�
1
Cij ðX Þ ¼

jxi xj j

r0

�
1

� �6

jxi xj j

� �10

ð3Þ

r0

where r0 is a reference distance, set to 7.5 Å, while xi and xj are the atomic coordinates.
We note that, according to Eq 1 the external force is introduced only when the system backtracks toward the reactant state (i.e. when z(X) > zm). Otherwise, the bias remains latent and
the system spontaneously proceeds as in plain MD. At the end of the simulation, a trajectory is
considered to have successfully reached the target state if a frame n satisfies the following
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conditions:
RMSDðnÞ < RMSDth

ð4Þ

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffiffiffiffiffiffiffiffiffiffi
XNF
1
2
y½RMSDðkÞ RMSDth � � ½RMSDðkÞ
RMSDth � < eth
k¼n
ðNF n þ 1Þ

ð5Þ

The RMSD to the target reference state is computed for each frame and RMSDth represents
the closeness threshold, which was set to 3 Å. In Eq 5, NF is the total number of trajectory
frames and eth is a tolerance threshold. Therefore, to properly consider a trajectory reaching
the target reference state, one of its frames must reach below the closeness threshold. The rootmean-squared error, computed on the subsequent frames that are above the threshold, must
lay below the tolerance eth, that was set to 0.3 Å.
STEP 2: Calculation of the Mean Transition Paths. The contact map entries Cij(X) calculated
for the frames of all the rMD trajectories reaching the target state starting from an identical initial conformation are averaged to estimate their iso-time mean, resulting in the mean-path of
the folding process:
hCij ðtÞi ¼

1 XNT n
C ½XðtÞ�
n¼1 ij
NT

ð6Þ

Here, Cijn[X(t)] is an element of the contact map computed at time t for the nth trajectory, and
NT is the total number of successful reactive trajectories generated from that initial condition.
For convenience, the mean path is downsampled to a low number of contact maps equally
spaced in z(X) distance, namely hCik=1 . . . NC.
The mean path is then used to define two new coordinates:
sl ð X Þ ¼ 1

1
NC

PNC

P

k
NC
k

ke
e

lkCðXÞ

lkCðXÞ

1 XNC
wl ðX Þ ¼ ln
ke
k
l

hCik k2
hCik k2

lkC½X� hCik k2

ð7Þ

ð8Þ

where ||. . .|| denotes the norm defined in Eq 2, hCik is the kth contact map along the mean
path, NC is the total number of contact maps. In the large λ limit, the former collective variable
represents the progress of the reaction taking the mean path as reference. By definition sλ(t) is
1 in the unfolded state and 0 in the native state, while the second coordinate wλ(X) measures
the shortest distance of the configuration X from points in the mean path. In practice, to
ensure computational efficiency and numerical stability, the λ parameter is set equal to the
average distance between neighboring contact maps along the mean-path.
STEP 3: Self-Consistent Refinement of the RC. A new set of folding trajectories is generated
by employing a modified version of the rMD algorithm, introducing two biasing forces analog
to the one defined in Eq 1, but using sλ(X), and wλ(X) instead of z(X) as collective variables,
respectively. The productive trajectories generated this way (as defined in Eqs 4 and 5) are
then used to compute a new mean path. In turn, an updated version of the sλ(X), and wλ(X)
collective variables is computed.
Steps 2 and 3 are iterated until convergence, that is when a new iteration produces identical
results to the previous one, according to some arbitrary convergence criterion.
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SCPS simulations of fast-folding proteins
The PDB codes of the 5 fast-folding proteins we considered are 2JOF, 2F4K, 2F21, 2HBA and
2P6J. The initial unfolded conformations were retrieved from the plain MD trajectories by
sampling states with fraction of native contacts (Q) lower than 0.1 that are separated by at least
one folding-unfolding event. Proteins topologies were generated using Charmm22� force field
with TIPS3P water model. Lys, Arg, Asp and Glu residues as well as the N-termini and C-termini were treated in their charged states. His residues were neutral in all proteins except in Villin headpiece, where the single His was protonated. Each initial condition was solvated in a
cubic box with edge 20 Å greater than the maximum diameter of the system and neutralized
with the appropriate number of Na+ and Cl- ions. Each system was then energy minimized
using the steepest descent algorithm then equilibrated in a 500 ps NVT simulation carried
out by restraining the protein heavy atoms using a harmonic potential with constant 1000 kJ
mol−1 nm−2.
For each initial conformation, 20 rMD simulations were performed, consisting in 1.5 � 106
steps employing the leap-frog integrator with 2 fs time-step. In these simulations, the longrange coulombic interactions were treated with Smooth Particle-Mesh Ewald (SPME) with a
cutoff of 9 Å for the short-range interactions using Verlet lists. Cutoff for Van der Waal interaction was set to 9 Å. Bonds with hydrogen atoms were constrained using LINCS [28]. We
used the Nose-Hoover thermostat [29] with a time constant of 1 ps. The values of kR are
reported in S1 Table while the contact distance r0 was set to 7.5 Å. A cutoff radius, rc, of 12 Å
was also introduced to increase the computational efficiency, so that for all rij > rc the contact
map entries are set to 0. For each condition, the folding trajectories (defined according to Eqs
4 and 5) were used to compute the mean path in the space of the contact maps, as described in
Eq 6. Each mean path was downsampled to 10 contact maps, equally spaced in the z(X) distance. The mean paths were used to build the CVs used in the subsequent SCPS iteration. The
values of ks and kw (the ratchet constants of sλ and wλ respectively) for each condition are
reported in S1 Table. We performed a total of three SCPS iterations for each protein.

Comparison of SCPS generated folding pathways with plain MD
trajectories
Folding events sampled by rMD and SCPS were compared with the reactive portion of the
plain MD trajectories (folding and time-reversed unfolding), defined as the interval of frames
starting from a low threshold, fraction of native contacts (Q) < 0.1, and arriving to a high
threshold, Q > 0.9. To assess the agreement of rMD and SCPS trajectories with plain MD data,
we adopted the path similarity definition introduced in Ref. [14]:
X
2
sðk; k0 Þ ¼
d½Mij ðkÞ Mij ðk0 Þ�
ð9Þ
i<j
NðN 1Þ
where k and k0 refer to two different trajectories and Mij(k) is an element of a matrix M which
describes the relative order of contacts formation for trajectory k and it is defined as:
8
1 ti ðkÞ < tj ðkÞ
>
<
0 ti ðkÞ > tj ðkÞ
Mij ðkÞ ¼
ð10Þ
>
:
1=2 ti ðkÞ ¼ tj ðkÞ
with i and j running over all native contacts between Cα atoms (i < j to remove duplicates)
and ti(k), tj(k) the times at which they are formed. A contact was considered to be formed after
at least 5 consecutive frames in which the distance between the two Cα atoms was less or equal
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than 7.5 Å. This similarity definition implies that s(k, k0 ) = 1 if all the native contacts in k and
k’ are formed in the same order, while it is 0 if they are formed in a completely different order.
A distribution of self-similarity, A, was computed using Eq 9 for all possible pairs of plain
MD reactive trajectories. Such distribution highlights the intrinsic degree of heterogeneity of
the folding pathways computed by plain MD. Distributions of cross-similarity, Ri, were then
computed for all the proteins at each iteration step, between pairs in which the k trajectory is
selected from plain MD and the k’ from the biased folding events. A random reference distribution was generated to compare the similarity of rMD and SCPS to plain MD with the similarity between plain MD and a random sequence of native contact formation. To this end, an
ensemble of 105 random cross-similarity distributions were generated for each protein. Each
random cross-similarity distribution is computed between the order of contact formation
matrices coming from the Anton trajectories and an equal number of random matrices generated as in Eq 10 with series of contacts formation times randomly extracted with equal probability. The degree of agreement between each cross-similarity Ri distribution and A was
computed by means of the Kullback-Leibler divergence, DKL, defined as:
�
�
Z 1
aðxÞ
DKL ðA k Ri Þ ¼
aðxÞ log2
dx
ð11Þ
ri ðxÞ
0

Simulations of HET-s propagation
SCPS simulations of HET-s propagation were performed using the Charmm36m force field
and the modified Charmm TIP3P water model [30]. Initial conformations, each one consisting
of a HET-s dimer in the amyloid form and an unstructured monomer, were generated by thermal denaturation. In particular, the trimeric amyloid structure (PDB 2KJ3) was positioned in a
cubic box with an approximate side length greater than 120 Å that was filled with TIP3P water
molecules. The system was neutralized with 3 Cl- ions and energy minimized with the steepest
descent method. Then, 200 ps of NVT equilibration using the V-rescale thermostat at 800 K
were carried out by employing position restraints with a force constant of 103 kJ�mol−1�nm−2
on heavy atoms. Finally, 5 simulations were performed for 2 ns each at 800 K by releasing the
restraints on the N-terminal monomer and the other 5 by releasing the restraints on the C-terminal monomer (S2 Fig). The sampled initial conformations were re-solvated in a smaller
cubic box with an approximate side of 100 Å; then 3 Cl− ions were added to counterbalance
the protein charge and the system was brought to a final 150 mM NaCl concentration. After
energy minimization, 500 ps of MD in the NVT ensemble (at temperature 310 K) followed by
500 ps of MD in the NPT ensemble (with temperature set 310 K, and pressure to 1 Bar) were
carried out for each condition with position restraints on the heavy atoms. The V-rescale thermostat and the Parrinello-Rahman barostat were employed for equilibrations and the subsequent rMD and SCPS production. First, 20 rMD simulations for each initial condition were
performed, consisting of 3 � 106 steps employing the leap-frog integrator with 2 fs time-step.
Frames were saved every 500 steps. The value of kR was set to 5 � 10−5 kJ mol−1 and r0 to 7.5 Å.
The cutoff radius to ignore contact pairs was 12 Å.
The trajectories successfully reaching the target state according to Eqs 4 and 5 were used to
compute the mean path of each condition (Eq 6), which was down-sampled to 10 equally
spaced contact maps. From each initial condition, 20 simulations were then re-launched for
SCPS with bias constants ks = 1.5 � 10−5 kJ mol−1 and kw = 3 � 10−5 kJ mol−1. A total of 2 SCPS
iterations for each initial condition were performed. In this work, we adopted the convergence
criterion based on the structure of reaction pathways in the plane selected by the RMSD to the
native structure of the two terminal rungs (see Fig 4).
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Analysis of HET-s simulations
The analysis regarding the order of rung formation was first performed by computing the
RMSD to the target state of the rungs of the converting monomer. The all-atom RMSD of the
two rungs (N-term: R225 to V245, C-term: T261 to Y281, rungs depicted in Fig 1) was evaluated for all the trajectories successfully reaching the target state. The calculation of the RMSD
was performed with alignment on the two monomers in the amyloid state (the converting
monomer was not included for the alignment).
For each iteration, two different probability densities were generated using frequency
histograms: the first was constructed using all the productive trajectories in which the HETs propagation starts at the N-terminus of the fibril. The second was obtained collecting all
the productive paths in which the HET-s propagation starts at the C-terminus of the fibril.
It is important to emphasize that the negative logarithms of these densities are not directly
related to a free energy distribution, because SCPS reactive trajectories are intrinsically out
of equilibrium.
We computed the median point in the reaction progress at which each residue of the converting monomer assumes a β-strand structure. A residue was considered to form a β-strand
the first time that such conformation was kept for more than 5 frames consecutively. The time
of formation was then converted to the corresponding value of Q (corresponding to the fraction of reference contacts). Calculations of the secondary structures were performed with the
STRIDE algorithm [31]. Finally, PCA analysis was performed by using the Cα contact maps
and the all-atom contact maps (excluding hydrogens). For the N-terminal propagation simulations, the contact maps were calculated using all the residues of the converting monomer and
the residues belonging to the N-terminal rung of the N-terminal monomer already included in
the fibril in the initial state. For the C-terminal propagation simulations, residues of the converting monomer and the C-terminal rung of the C-terminal monomer already included in
the fibril were used for contact map calculation. In this all-atom PCA analysis, each trajectory
was down-sampled to a total of 300 frames.

Data production, analysis, and visualization software
Biased simulations (rMD and SCPS) were performed in Gromacs 2018 [32], where we implemented the collective variables z(X), sλ(t) and wλ(t). Data analysis was performed in python
using the following libraries: MDAnalysis, NumPy and SciPy. Python scripts were accelerated
with the Numba compiler. Graphs were obtained by using Matplotlib in python. Images of
protein conformations were generated in UCSF Chimera.

Supporting information
S1 Fig. Path similarity distributions of the fast-folding proteins. In each graph, three path
similarity distributions are represented: (i) the path similarity distribution obtained by comparing the order of native contact formation between biased folding trajectories (rMD or
SCPS) with the plain-MD folding trajectory (defined as cross-similarity Ri, blue; where i is
the iteration number); (ii) the path similarity distribution computed by comparing the order
of native contact formation between the folding plain-MD trajectories within themselves
(defined as self-similarity, A, grey); (iii) the path similarity obtained by comparing the plainMD trajectories with random sequences of native contact formation (defined as random, Rr,
dashed line).
(TIF)
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S2 Fig. Initial conditions of HET-s simulations. The initial conditions used to generate the
propagation pathways are reported. Initial conditions for simulating propagation from the
fibril N-terminus were obtained by performing high-temperature MD, introducing positional
restraints on heavy atoms on the two C-terminal monomers. Initial conditions for simulating
propagation from the fibril C-terminus were obtained by performing high-temperature MD,
introducing positional restraints on heavy atoms on the two N-terminal monomers.
(TIF)
S3 Fig. PCA of the HET-s propagation trajectories using all no-H atoms. Graphs on the left
represent the free energy landscape in the principal component plane of the trajectories propagating from the fibril N-terminus (A) and C-terminus (B), respectively. Bar plots on the right
show the contribution of the contact-type sets for the two principal components.
(TIF)
S1 Table. Additional information regarding the simulations of the fast-folding proteins.
In this table, additional information regarding the folding simulations are reported. NC is the
number of initial conditions, T is the simulations temperature, kR is the ratchet force constant,
ks and kw are the SCPS force constants, NFC is the number of sets (each set start from a different
initial condition) for which at least one folding event is observed and < NF > is the average
number of folding trajectories for each set.
(TIF)
S1 Movie. Propagation of the Het-s prion from the N-terminal surface of the fibril. Visualization of a representative SCPS trajectory of a Het-s monomer converting at the N-terminal
surface of the fibril.
(MOV)
S2 Movie. Propagation of the Het-s prion from the C-terminal surface of the fibril. Visualization of a representative SCPS trajectory of a Het-s monomer converting at the C-terminal
surface of the fibril.
(MOV)
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Faccioli.

References
1.

Prusiner SB. Novel proteinaceous infectious particles cause scrapie. Science. 1982; 216(4542):136–
44. Epub 1982/04/09. https://doi.org/10.1126/science.6801762 PMID: 6801762.

2.

Yuan AH, Hochschild A. A bacterial global regulator forms a prion. Science. 2017; 355(6321):198–201.
Epub 2017/01/14. https://doi.org/10.1126/science.aai7776 PMID: 28082594.

3.

Coustou V, Deleu C, Saupe S, Begueret J. The protein product of the het-s heterokaryon incompatibility
gene of the fungus Podospora anserina behaves as a prion analog. Proc Natl Acad Sci U S A. 1997; 94
(18):9773–8. Epub 1997/09/02. https://doi.org/10.1073/pnas.94.18.9773 PMID: 9275200.

4.

Wickner RB, Taylor KL, Edskes HK, Maddelein ML, Moriyama H, Roberts BT. Prions in Saccharomyces
and Podospora spp.: protein-based inheritance. Microbiol Mol Biol Rev. 1999; 63(4):844–61, table of
contents. Epub 1999/12/10. PMID: 10585968.

5.

Saupe SJ, Clave C, Begueret J. Vegetative incompatibility in filamentous fungi: Podospora and Neurospora provide some clues. Curr Opin Microbiol. 2000; 3(6):608–12. Epub 2000/12/21. https://doi.org/10.
1016/s1369-5274(00)00148-x PMID: 11121781.

6.

Coustou V, Deleu C, Saupe SJ, Begueret J. Mutational analysis of the [Het-s] prion analog of Podospora anserina. A short N-terminal peptide allows prion propagation. Genetics. 1999; 153(4):1629–40.
Epub 1999/12/03. PMID: 10581272.

7.

Dos Reis S, Coulary-Salin B, Forge V, Lascu I, Begueret J, Saupe SJ. The HET-s prion protein of the filamentous fungus Podospora anserina aggregates in vitro into amyloid-like fibrils. J Biol Chem. 2002;
277(8):5703–6. Epub 2001/12/26. https://doi.org/10.1074/jbc.M110183200 PMID: 11733532.

8.

Siemer AB, Ritter C, Ernst M, Riek R, Meier BH. High-resolution solid-state NMR spectroscopy of the
prion protein HET-s in its amyloid conformation. Angew Chem Int Ed Engl. 2005; 44(16):2441–4. Epub
2005/03/17. https://doi.org/10.1002/anie.200462952 PMID: 15770629.

9.

Hollingsworth SA, Dror RO. Molecular Dynamics Simulation for All. Neuron. 2018; 99(6):1129–43.
Epub 2018/09/22. https://doi.org/10.1016/j.neuron.2018.08.011 PMID: 30236283.

10.

Fabian H, Naumann D. Methods to study protein folding by stopped-flow FT-IR. Methods. 2004; 34
(1):28–40. Epub 2004/07/31. https://doi.org/10.1016/j.ymeth.2004.03.004 PMID: 15283913.

11.

Bernardi RC, Melo MCR, Schulten K. Enhanced sampling techniques in molecular dynamics simulations of biological systems. Biochim Biophys Acta. 2015; 1850(5):872–7. Epub 2014/12/03. https://doi.
org/10.1016/j.bbagen.2014.10.019 PMID: 25450171.

12.

Yang YI, Shao Q, Zhang J, Yang L, Gao YQ. Enhanced sampling in molecular dynamics. J Chem Phys.
2019; 151(7):070902. Epub 2019/08/24. https://doi.org/10.1063/1.5109531 PMID: 31438687.

13.

Paci E, Karplus M. Forced unfolding of fibronectin type 3 modules: an analysis by biased molecular
dynamics simulations. J Mol Biol. 1999; 288(3):441–59. Epub 1999/05/18. https://doi.org/10.1006/jmbi.
1999.2670 PMID: 10329153

14.

Tiana G, Camilloni C. Ratcheted molecular-dynamics simulations identify efficiently the transition state
of protein folding. J Chem Phys. 2012; 137(23):235101. Epub 2012/12/27. https://doi.org/10.1063/1.
4769085 PMID: 23267502.

15.

Bartolucci G, Orioli S, Faccioli P. Transition path theory from biased simulations. J Chem Phys. 2018;
149(7):072336. Epub 2018/08/24. https://doi.org/10.1063/1.5027253 PMID: 30134709.

16.

A Beccara S, Fant L, Faccioli P. Variational scheme to compute protein reaction pathways using atomistic force fields with explicit solvent. Phys Rev Lett. 2015; 114(9):098103. Epub 2015/03/21. https://doi.
org/10.1103/PhysRevLett.114.098103 PMID: 25793854.

17.

Ianeselli A, Orioli S, Spagnolli G, Faccioli P, Cupellini L, Jurinovich S, et al. Atomic Detail of Protein
Folding Revealed by an Ab Initio Reappraisal of Circular Dichroism. J Am Chem Soc. 2018; 140
(10):3674–82. Epub 2018/02/24. https://doi.org/10.1021/jacs.7b12399 PMID: 29473417.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007922 September 18, 2020

17 / 18

PLOS COMPUTATIONAL BIOLOGY

HETs prion replication simulated with an all-atom force field in explicit solvent

18.

Gershenson A, Gosavi S, Faccioli P, Wintrode PL. Successes and challenges in simulating the folding
of large proteins. J Biol Chem. 2020; 295(1):15–33. Epub 2019/11/13. https://doi.org/10.1074/jbc.
REV119.006794 PMID: 31712314.

19.

Best RB, Hummer G, Eaton WA. Native contacts determine protein folding mechanisms in atomistic
simulations. Proc Natl Acad Sci U S A. 2013; 110(44):17874–9. Epub 2013/10/17. https://doi.org/10.
1073/pnas.1311599110 PMID: 24128758.

20.

Onuchic JN, Luthey-Schulten Z, Wolynes PG. Theory of protein folding: the energy landscape perspective. Annu Rev Phys Chem. 1997; 48:545–600. Epub 1997/01/01. https://doi.org/10.1146/annurev.
physchem.48.1.545 PMID: 9348663.

21.

Spagnolli G, Rigoli M, Orioli S, Sevillano AM, Faccioli P, Wille H, et al. Full atomistic model of prion
structure and conversion. PLoS Pathog. 2019; 15(7):e1007864. Epub 2019/07/12. https://doi.org/10.
1371/journal.ppat.1007864 PMID: 31295325.

22.

Orioli S, Beccara SA, Faccioli P. Self-consistent calculation of protein folding pathways. J Chem Phys.
2017; 147(6):064108. Epub 2017/08/16. https://doi.org/10.1063/1.4997197 PMID: 28810783.

23.

Lindorff-Larsen K, Piana S, Dror RO, Shaw DE. How fast-folding proteins fold. Science. 2011; 334
(6055):517–20. Epub 2011/10/29. https://doi.org/10.1126/science.1208351 PMID: 22034434.

24.

Kullback S, Leibler RA. On information and Sufficiency. Annals of Mathematical Statistics 1951. 1:
517–520

25.

Balguerie A, Dos Reis S, Ritter C, Chaignepain S, Coulary-Salin B, Forge V, et al. Domain organization
and structure-function relationship of the HET-s prion protein of Podospora anserina. EMBO J. 2003;
22(9):2071–81. Epub 2003/05/03. https://doi.org/10.1093/emboj/cdg213 PMID: 12727874.

26.

Dima RI, Thirumalai D. Exploring protein aggregation and self-propagation using lattice models: phase
diagram and kinetics. Protein Sci. 2002; 11(5):1036–49. Epub 2002/04/23. https://doi.org/10.1110/ps.
4220102 PMID: 11967361.

27.

Sabate R, Espargaro A, Saupe SJ, Ventura S. Characterization of the amyloid bacterial inclusion bodies
of the HET-s fungal prion. Microb Cell Fact. 2009; 8:56. Epub 2009/10/30. https://doi.org/10.1186/14752859-8-56 PMID: 19863787.

28.

Hess B, Bekker H, Berendsen HJC Fraaije JGEM. LINCS: A Linear Constraint Solver for Molecular
Simulations J. Comp. Chem. 1997; 18:1463–1472

29.

Hoover WG, Holian BL. Kinetic moments method for the canonical ensemble distribution. Physics Letters A 1996; 211 (5): 253–257

30.

Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, de Groot BL, et al. CHARMM36m: an improved
force field for folded and intrinsically disordered proteins. Nat Methods. 2017; 14(1):71–3. Epub 2016/
11/08. https://doi.org/10.1038/nmeth.4067 PMID: 27819658.

31.

Frishman D, Argos P. Knowledge-based protein secondary structure assignment. Proteins 1995; 23
(4):566–79. https://doi.org/10.1002/prot.340230412 PMID: 8749853

32.

Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJ. GROMACS: fast, flexible,
and free. J Comput Chem. 2005; 26(16):1701–18. Epub 2005/10/08. https://doi.org/10.1002/jcc.20291
PMID: 16211538.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007922 September 18, 2020

18 / 18

